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A first observation of the rare decay η → μþμ−eþe− is reported by the CMS Collaboration at the CERN
LHC. The result is based on a proton-proton collision data sample at

ffiffiffi
s

p ¼ 13.6 TeV corresponding
to an integrated luminosity of 38.0 fb−1, acquired in 2022 using a high-rate dimuon trigger. Using
the η → μþμ−γ decay channel for normalization, the branching fraction is measured to be
Bðη → μþμ−eþe−Þ ¼ ð2.4� 0.8Þ × 10−6, with the uncertainty including statistical and systematic sources
as well as the Bðη → μþμ−γÞ uncertainty. This result is about a factor of 3 smaller than the existing limit
and is consistent with recent theoretical predictions.
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The η and η0 mesons are light, flavor- and charge-neutral
spin-0 particles, with masses of 547.86(2) and 957.78
(6) MeV, respectively [1]. The measurement of the rate for
rare decays of these particles is motivated by several
considerations: they assist in theoretical computations of
the light-by-light hadronic contributions to the muon
anomalous magnetic moment [2], enable novel tests of
lepton flavor universality in particle physics [3], and are
sensitive to beyond-standard-model theories that predict
deviations in these rates [4,5].
Single- and double-Dalitz decays of the η and η0 mesons

to purely leptonic final states proceed via chiral anomalies
with one or two virtual photons, respectively, and their
widths depend on theoretically unknown transition form
factors that model low-energy quantum chromodynamic
interactions. Theoretical predictions for these decays have
been made based on chiral perturbation theory [6], its
extensions such as vector meson dominance (VMD) [7–9]
or the light-front quark model [10], and further extensions
of VMD using a data-driven approach [11,12]. These data-
driven methods are the ones relied upon for muon anoma-
lous magnetic moment calculations because of their
assumed accuracy [13,14]. Some of these decays have
been experimentally observed and, thus far, none of the
measured branching fractions (BFs) deviate significantly
from the data-driven theoretical predictions (presented in
Ref. [4] and references therein). The modes that have been
observed include η → μþμ− [15,16], η → eþe−eþe− [17],
η0 → eþe−eþe− [18], and most recently, by CMS,

η → μþμ−μþμ− [3]. However, several decay modes have
yet to be observed, as is the case of the double-Dalitz decay
η → μþμ−eþe−, the first observation of which is reported
here. The leading order standard model Feynman diagram
for this decay is shown in Fig. 1. Using a special high-rate
dimuon trigger technique developed in the CMS experi-
ment, an improvement of about a factor of 3 in the
experimental sensitivity of this decay mode’s BF is
achieved when compared to the previous upper limit of
6.88 × 10−6 at the 90% confidence level [19].
The data used for this observation are from

ffiffiffi
s

p ¼
13.6 TeV proton-proton collisions in the CERN LHC,
collected in 2022 by the CMS experiment, corresponding
to an integrated luminosity of 38.0 fb−1. Tabulated results
are provided in the HEPData record for this analysis [20].
To measure the BF for the η → μþμ−eþe− signal, the η →
μþμ−γ mode, which has a measured BF of ð3.1� 0.4Þ ×
10−4 [1], is used as reference. The photon in the final state
subsequently converts to an electron-positron pair in the
inner region of the CMS detector, meaning the signal and
reference channels have the same final-state particles. The
BF can be calculated using

FIG. 1. Leading order standard model Feynman diagram for the
decay η → μþμ−eþe−.
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B2μ2e

B2μγ
¼ N2μ2e

N2μγ

ϵ2μγ
ϵ2μ2e

; ð1Þ

where BX is the branching fraction of η → X; N2μ2e is the
total number of signal events observed; N2μγ is the number
of reference channel events observed; and ϵ2μ2e and ϵ2μγ are
the experimental efficiencies of the μþμ−eþe− and μþμ−γ
decay channels, respectively. The experimental efficiency
for fully reconstructing an η meson accounts for detector
acceptance, trigger, and reconstruction requirements and is
estimated in Monte Carlo (MC) simulations. The numbers
of signal and reference channel events are extracted from
fits to the four-lepton invariant mass spectrum in each
channel. The spectrum for each decay mode, as well as the
corresponding efficiencies, are derived from slightly differ-
ent event selections that target each mode separately. The
efficiency ratio is corrected by scale factors derived from
comparisons of data and MC simulation and applied where
differences exist between the signal and reference channels.
The CMS apparatus [21,22] is a multipurpose, nearly

hermetic detector, designed to trigger on [23–25] and
identify electrons, muons, photons, and (charged and
neutral) hadrons [26–28]. Its central feature is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter, each composed of a barrel
and two end cap sections. Forward calorimeters extend the
pseudorapidity coverage provided by the barrel and end cap
detectors. Muons are reconstructed using gas-ionization
detectors interleaved with the layers of the steel flux-return
yoke outside the solenoid. More detailed descriptions of the
CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be
found in Refs. [21,22]. Tracks reconstructed in the tracker
are combined with information from the ECAL and muon
detectors to identify electron and muon candidates, respec-
tively [26,27]. The electron momentum is estimated by
combining the energy measurement in the ECAL, includ-
ing the energy from bremsstrahlung photons, with the
momentum measurement in the tracker. The muon momen-
tum is that of the track. Conversions of photons in the beam
pipe or detector are reconstructed by requiring two oppo-
site-sign electrons to be successfully fitted to a common
vertex with a constraint that both electrons are collinear at
the vertex [29].
The CMS experiment uses a two-level trigger system

[24], with the first level (L1) implemented in custom
hardware [23] and the high-level trigger (HLT) in software
[25]. Most triggers in the standard HLT menu target events
at high momenta and, thus, employ high thresholds for
transverse momentum pT with respect to the beam axis (for
example, 10–20 GeV for muons) to limit the overall event
rate to a few kHz. This rate is constrained by both the

available storage and prompt-reconstruction resources.
However, CMS also has a “data-parking” trigger path,
whereby the running of the full event reconstruction can be
delayed until the requisite computing resources are
available [30]. Data parking allows CMS to save lower-
momentum events (for example, events with 3–4 GeV
muons) without the risk of overloading the available offline
computing resources. For this analysis, a dimuon parking
trigger with a peak rate of 1.6 kHz is used. It is triggered by
any two oppositely charged muons with pT values mea-
sured at the HLT to be at least 4 and 3 GeV, with a common
vertex of χ2 fit probability greater than 0.5%. These muons
must also have been reconstructed at the L1, which uses a
simplified reconstruction algorithm to enable running on
hardware.
Events accepted by the trigger are also required to satisfy

several other criteria. In both the signal channel and
reference channel, events are required to have an oppo-
site-sign muon pair and an opposite-sign electron pair such
that a fit to a common vertex of the four leptons returns a
common vertex of χ2 probability greater than 10%. The
vertexing is done using a Kalman filtering method [31]. No
missing electron track hits are allowed in the pixel detector,
which comprises the innermost section of the tracker. This
is to ensure that all photon conversions that are recon-
structed as electron pairs occur either in the beam pipe or in
the first layer of the pixel detector, limiting the systematic
uncertainties related to the photon conversion probability.
The HLT pT requirements are reimposed offline, and
electrons are required to have pT > 2 GeV. Muons should
satisfy absolute pseudorapidity jηj < 2.4, while electrons
must have jηj < 1.44 or 1.56 < jηj < 2.5, avoiding the
transition region between the barrel and end cap ECAL
detectors.
To determine if the data in the vicinity of the η meson

invariant mass peak represent solely η → μþμ−eþe− events
or if the data are contaminated with background, we use a
simplified MC simulation to model the invariant mass
spectra for various η meson decays, including the signal
process. This Letter employs a simplified model for the
physics of each process studied and does not include
detector efficiency effects, following closely the strategy
used in Ref. [3]. Figure 2 shows the resulting invariant mass
distributions for signal and the various potential back-
grounds, which can resemble signal events because of
misidentification of charged pions as muons, photon
conversion to electron or muon pairs, or both. All modes
are weighted by the η meson pT-differential production
cross section measured from η → μþμ− decays, and nor-
malized according to their world-average BFs [1] (except
for the signal mode, which uses the BF predicted by
Ref. [11]), with corrections for misreconstruction effects,
without further event selections.
With one notable exception, potential backgrounds do

not produce a significant number of events in the η meson
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mass peak. This is because assigning the muon mass to a
pion track significantly shifts the reconstructed mass peak.
Moreover, this happens quite rarely in CMS, with roughly
one in a thousand pions being misidentified as a muon.
Photon conversion to muons is also very rare, happening in
the innermost tracker layer only once for every 108

photons. The muons in such conversions receive a signifi-
cant momentum kick from the recoiling nucleus, which
shifts and flattens the apparent mass peak, as seen clearly in
the η → μþμ−γ distribution of Fig. 2. As a result of these
effects, the only background with a significant probability
of mimicking the η → μþμ−eþe− signal is the process
η → μþμ−γ, with the photon converting to an electron pair
in the innermost layer of the tracker. The momentum kick
received by the electrons resulting from a photon con-
version to electrons is much smaller than the one to muons,
and conversion to electrons is much more common, with
around one in 103 photons converting to an eþe− pair in the
innermost tracking layer. This decay is expected to con-
tribute about half of the events in the η meson signal mass
peak (assuming the signal branching fraction prediction of
Ref. [11]), in the absence of cuts to mitigate it. We will refer
to this decay process, which is also the one used to provide
the reference for the final BF measurement, as the resonant
background.
Both electrons in the signal channel are required to pass

an additional electron identification criterion. The electron
identification algorithm used is the boosted decision tree
from Ref. [26] that does not include isolation variables
since many η mesons originate in jets. The variables used
for training this discriminator include reconstructed shower

shape variables, energies, and track hit patterns. While this
requirement is already very effective at removing electrons
originating from a photon conversion, we also require both
electrons to not be part of any reconstructed conversion
candidate.
The η → μþμ−γ process’s ability to mimic the signal is

also what makes it an ideal reference channel process. For
the reference channel selection, we seek to minimize the
efficiency of η → μþμ−eþe− events instead. This is
achieved by requiring both electrons to be part of a
reconstructed conversion [29]. The electron identification
criterion used for the signal events is not applied, as this
criterion would eliminate almost all reference channel
events were it applied in this channel.
A full MC simulation is needed for the signal and

resonant background processes to more accurately model
the expected η meson invariant mass shapes of both decay
modes. The η → μþμ−γ process is simulated with a PYTHIA

8.3 [32] “particle gun” with an η meson pT and pseudor-
apidity distribution that covers the acceptance of the CMS
detector, with the CP5 tune for the underlying event [33].
The PYTHIA particle gun uses a simple phase space model
for the kinematic distributions of the decay products, rather
than the more accurate VMD (as was used for the signal
channel). This phase space model does not accurately
recreate the shape of the experimental dimuon invariant
mass distribution found in Ref. [34]. Therefore, a reweight-
ing is applied to η → μþμ−γ simulated events to make the
dimuon invariant mass squared distribution agree with the
experimentally observed distribution of Ref. [34], which
was fitted to the theoretical model of Refs. [35,36]. This is
important, as the use of the reweighted distribution results
in a 54% larger ϵ2μγ (and, hence, a 54% larger measured
B2μ2e) relative to the phase space distribution. The products
of additional proton-proton collisions occurring in the same
or nearby bunch crossings are also included, and the
interaction of all generated particles with matter in the
detector is simulated with Geant4 [37].
For the η → μþμ−eþe− signal process, a slightly modi-

fied version of the Pluto framework [38] is used to simulate
the ηmeson decay to a muon pair and an electron pair in its
rest frame, using the VMD model. Pluto is a Monte Carlo
event generator that specializes in low-energy processes
like meson decays. The only modification in this software
was to adapt the η → eþe−eþe− decay to η → μþμ−eþe−
by replacing two of the electron masses with muon masses.
The resulting decay products are then interfaced with
PYTHIA to boost them into the laboratory frame. The rest
of the simulation is identical to that of the η → μþμ−γ
process. For both samples, the simulated events are
weighted according to the pT- and pseudorapidity-depen-
dent η meson production cross section. This cross section
was determined using a sample of η → μþμ− decays
collected with the same trigger as for the signal and
resonant background events and corrected for the effects

FIG. 2. Summary of expected background contributions to the
yield measured in the signal channel based on a simplified MC
simulation. The signal channel is shown in red squares and is
closely mimicked by the η → μþμ−γ channel, shown in blue
stars. Uncertainties are not shown. The equivalent luminosity for
the simulation is 38.0 fb−1.
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of acceptance and efficiency using MC simulated events
generated in a similar fashion as the other MC samples.
While the uncertainties in this cross section measurement
are significant, they almost entirely cancel out in the final
BF result because the ratio of the signal and reference
channels is used, with the only remnant effect being the
normalization of the small resonant background peak in the
signal fit, which is accounted for using appropriate
uncertainties.
Several corrections are made to the simulation to account

for differences with data. The multiplicity of proton-proton
interactions per bunch crossing in simulation is reweighted
to match data. Trigger efficiency corrections are derived by
comparing pT-dependent trigger efficiency distributions in
simulation and data from monitoring triggers. The recon-
structed pT of all simulated muons is multiplied by 0.9986,
which is sufficient to align the mean reconstructed η →
μþμ− invariant mass to that in data to within 0.1%.
Following this correction, a similar correction of 1.001
is applied to the reconstructed pT of all simulated electrons,
which results in matching the mass of the signal channel to
that in data. A scale factor (SF) associated with the
efficiency to identify an eþe− pair is computed by
comparing yields in data and simulation before and after
applying the additional electron identification requirements
in the signal channel, with a further requirement on the
dielectron mass to eliminate the resonant background
events. The combined dielectron SF is found to be
0.60� 0.08, where the uncertainty includes the statistical
uncertainty from the data and simulation as well as
systematic uncertainties evaluated from varying the fitting
functions used to describe the signal and background.
Including all corrections, the ratio of signal to reference

channel efficiencies is found to be ϵ2μ2e=ϵ2μγ ¼
51.0� 11.8, where the uncertainty includes statistical
and systematic components as detailed below. This ratio
is much lower than 1000 (the inverse of the fraction of
photons that convert to electrons in the inner parts of the
detector) because of the electron selection requirements,
which are very different in the signal and reference
channels.
To estimate N2μ2e, the invariant mass distribution of the

signal channel is fit with a binned extended maximum
likelihood fit. For signal, a double-Gaussian model is used,
while for resonant background, a Breit-Wigner model is
used. These empirically motivated models are chosen
because they provide fits with the best χ2 values, and
the fitted yields are found roughly in the middle of the
range obtained with other models (such as combinations of
Gaussians and crystal-ball functions [39]) exhibiting sim-
ilar χ2 values. A double-Gaussian signal MC fit is used as a
starting point for the fit to data, with the normalization
floating freely and other fit parameters constrained by the
uncertainties from the MC fit, but with relaxed bounds if
the best fit value is found to be near a boundary. All

parameters of the resonant background Breit-Wigner func-
tion found from a fit to the MC spectrum are fixed in the
final fit to data, with the normalization derived from
the measured cross section, the world-average value of
Bðη → μþμ−γÞ=Bðη → μþμ−Þ, and the efficiency from
simulation for η → μþμ−γ events to pass the signal channel
criteria. In addition to the double-Gaussian signal and Breit-
Wigner resonant background, a small continuous back-
ground component is added and is modeled with a threshold
function, proportional to ½m2μ2e − ð2me þ 2mμÞ�β, where
me is the electron mass,mμ is the muon mass, and β is the fit
parameter. The fit to data, along with the signal and resonant
background MC distributions, is shown in Fig. 3 (upper).
The central value of the resonant background invariant

mass distribution, at 555 MeV, is significantly higher than
the world average value of the ηmeson mass, 548 MeV [1].
This is a consequence of these electrons being produced in
the beam pipe or detector rather than from the proton-
proton collision vertex. This effect is also seen in the
reference channel. The fitted signal yield is
N2μ2e ¼ 127� 13, on top of about four resonant back-
ground events and about ten combinatorial background
events in the signal window (0.52–0.5 8 GeV for the
signal channel). Comparing the χ2 values for the
signalþ background and background-only models via
the likelihood-ratio test, the resulting test statistic corre-
sponds to a significance far exceeding five standard
deviations against the background-only hypothesis.
The fit to the data observed in the reference channel is

shown in Fig. 3 (lower). As in the signal channel, the model
for the peak is a double-Gaussian function, and the
combinatorial background is modeled by the threshold
function. The starting parameters for the fit are taken from
fits to the MC invariant mass distribution and are allowed to
float in the fit to data, just as in the signal channel fit. In this
channel, the η → μþμ−eþe− signal mode is strongly sup-
pressed by the inverted conversion veto, as seen from the
orange MC distribution. This fit result is N2μγ ¼ 329� 22.
Several sources of systematic uncertainty affect the

result, while many others cancel when taking the ratio to
the reference channel. The fit model uncertainties are
estimated by redoing the fits to each channel with two
alternative models that give similar goodness-of-fit metrics.
The alternative signal models used are the crystal-ball plus
Gaussian model and the Voigtian model, and the alternative
combinatorial background models used are first- and
second-order polynomials. For each of the four sources
(signal and background function for signal and reference
channels), the maximum variation is taken as the systematic
uncertainty. An additional 1% uncertainty arises from a
27% uncertainty in the normalization of the resonant
background in the signal channel fit, which comes from
uncertainties in our measured η → μþμ− cross section and
the world-average Bðη → μþμ−γÞ=Bðη → μþμ−Þ branch-
ing ratio. Summing the five uncertainties in quadrature
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results in a 12% signal yield systematic uncertainty. The
uncertainty related to the conversion veto requirement
efficiency for the reference channel is important to evaluate
as it is a significant difference between the two channels.
This uncertainty is estimated by combining data-to-simu-
lation checks from three different sources. The first con-
tribution is obtained from data-simulation comparisons in
the η → μþμ−γ channel invariant mass spectrum, without
the additional electron identification required, with two
different selection criteria: with, or without, a photon

conversion veto required. The second contribution is from
a study of the tracker material that found an agreement
better than 4% between data and simulation for the amount
of material in the beam pipe and first pixel layer. Lastly, the
uncertainty in the track reconstruction efficiency for decay
vertices occurring in the first pixel layer is evaluated using
K0

S → πþπ− decays, as described in Ref. [40]. Altogether,
the uncertainty in the conversion requirement efficiency
amounts to 13% (including 5% from the data-simulation
comparison, 4% from the material budget uncertainty, and
11% from the track reconstruction efficiency study).
Another requirement that can affect the signal and
reference channels differently is the vertex probability
requirement. Removing this cut from both channels for
the data and from the corresponding simulated events used
to calculate the efficiency results in an 8% change in the
branching ratio, which is included as a systematic uncer-
tainty. The uncertainty in the kinematic distribution in the
reference channel is found by reweighting the simulated
events such that the form factor in the theoretical model is
1 standard deviation above or below the central value
reported in Ref. [34]. The maximum deviation in the
calculated efficiency is taken, which amounts to 3%. In
the signal channel, event reweighting is done to make both
the dimuon and dielectron invariant mass distributions
approximately agree with the theoretical predictions of
Ref. [11], and the change in the efficiency is taken as the
uncertainty (11%). For the signal channel, unlike the
separate reweighting performed in the reference channel,
this reweighting is done only to estimate the uncertainty
and not as a correction on the result (which would have
resulted in the measured BF being 11% lower). Combined
with the 14% uncertainty in the dielectron identification
efficiency SF and 8% from the limited number of
simulated events, these uncertainties add up to a total
systematic uncertainty of 27%.
Using the yields and efficiencies defined in Eq. (1), the

measured BF ratio is

B2μ2e

B2μγ
¼ ½7.3� 0.9ðstatÞ � 2.0ðsystÞ� × 10−3

¼ ½7.3� 2.2� × 10−3:

Using the world average value of B2μγ ¼ ð3.1� 0.4Þ ×
10−4 [1],

B2μ2e ¼ ½2.4� 0.3ðstatÞ � 0.6ðsystÞ � 0.3ðB2μγÞ� × 10−6

¼ ½2.4� 0.8� × 10−6:

The previous upper limit for this BF was 6.88 × 10−6 at
90% confidence level, set by the BESIII experiment [19].
Our measurement is consistent with the latest standard
model predictions of 2.3–2.4 × 10−6, based on data-driven

FIG. 3. Fit of the four-lepton invariant mass spectra in data for
the signal (upper) and reference (lower) channels. Black points
denote the data, the dashed gray curve is the combinatorial
background fit to a threshold function, the cyan dashed curve is
the η → μþμ−γ component of the fit, the red dot-dashed curve
(signal channel only) is the η → μþμ−eþe− component of the fit,
and the solid blue-violet curve is the overall fit including signal
and background contributions. The orange distribution is the
signal MC simulation (normalized to the BF prediction of 2.4 ×
10−6 by Ref. [11]), and the magenta distribution is the η →
μþμ−eþe− resonant background MC simulation (normalized to
the world average BF measurement of 3.1 × 10−4 [1]), both also
normalized using the approximate cross section derived from the
η → μþμ− channel. Points in the lower panel are pulls relative to
the full fit model, ðdata − fitÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2data − σ2fit

p
.
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approaches [11,12], while other models yield predictions as
low as 0.6 × 10−6 [10] and as high as 5 × 10−6 [6].
In summary, the decay η → μþμ−eþe− has been

observed for the first time, with a significance much
larger than 5 standard deviations, with data collected by
the CMS experiment at the LHC in 2022. The branching
fraction of this decay is measured with respect to the η →
μþμ−γ decay mode: Bðη → μþμ−eþe−Þ=Bðη → μþμ−γÞ ¼
ð7.3� 2.2Þ × 10−3. Incorporating the world-average value
of Bðη → μþμ−γÞ results in an η → μþμ−eþe− branching
fraction of ð2.4� 0.8Þ × 10−6, which is about a factor of 3
below the previous upper limit and is consistent with the
latest standard model predictions. This measurement pro-
vides useful information for the determination of transition
form factors that are used for theoretical calculations, such
as the muon anomalous magnetic moment.
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40IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France

41Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, Institut Polytechnique de Paris, Palaiseau, France
42Institut Pluridisciplinaire Hubert Curien (IPHC), Université de Strasbourg, CNRS/IN2P3, Strasbourg, France
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wwAlso at Università degli Studi Guglielmo Marconi, Roma, Italy.
xxAlso at Scuola Superiore Meridionale, Università di Napoli ’Federico II’, Napoli, Italy.
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